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PROVISIONAL  CRITERIA'  FOR  RAPID  INCAPACITATION  BY  .FRAGMENTS' 


'  r,  ...-  ABSTRACT 

From  experimental  data  obtained 'by  the  Biophysics  Branch,  Medical 
Laboratories,  Army  Chemical  Center,  Edgowood,  Maryland,  the  probabilities 
are  inferred  that  hits  on. personnel  by  fragments  of  known  mass,  velocity, 
and  shape  will  Incapacitate.  The  esqjeriEsents  were  conducted  against, 
live  goats,  grid  the  results  vers  assessed  by  medical  officer  personnel. 
Tbs  results-  are  classified  according  to  three  levels  of  incap agitation? 
incapacitation  within  5  seconds,  incapacitation  within  $  minutes,  and 
fatal  <or  severe  bounding;  The  inferred  probabilities,  based  on  pro¬ 
visionally  and  rapidly  interpreted experimental  results,  are  exhibited 
as  functions  of  m/&  uisara  ©  is  the  f ’ragmeat  rp&ss  ,  v  the  striking 
velocity^  and  A  the  average  presented  are*  of  the  fragment. 

The  probability  results,  watch  ar@  subject  to  revision  should  the 
basic  c&xta  be-  reinterpreted,  ax5®  being  currently  eitiplayed  by  the 
Ballistic  Research  Laboratories  in  the  design  of  improved  hand 
grenades.  ~  ■ 


\ 


v::  ■  .  ,  lUTsomcTioN^  -  ■  .. 

In  order  to  obtain  experimental  confirmation  of  th©,  wounding;  power 
of  certain  newly  proposed  types  of  band  grenades  the  Bipphypics  Branch, 
headed  by  0r.  C.  Karget,  o?  the  --Medical  laboratories  of  the  Army 
ChemicMal  Centers  -Sdgewood,  Maryland,  was  asked  by  the  Ordnance  Corps  to 
conduct  experiments  with  controlled  fragments  against  live  animal  targets, 
•the  experiments  were  planned  and, carried  out  under  the  direction  of  Dr, 
Hprgat,'  who  was  assisted  by  three  medical  officers?  specially  assigned 
by  the  Medical  Corns  to  the  project,  ,  The  fragment  sources  and  soma  &%■* 

'  perimental  assistance  were  . •supplied  by  the, Ballistic  Research  laboratories 
Goats  were  selected  by  Br,  Herget  as  the  target  animals.  It  is  under* 
stood  that  he  was  governed,  in  his  choice  by  the  desire  for  targets  abase-* 
ifhat  comparable  in 'mass  and  .  dimensions  to  Humans,  and  the  fact  that  they 
were  available  in  sufficient  numbers  without  excessive  delay  or  expense,*  .. 
The  results  of  the  first  few  experiments  indicated  that  there  was  a  great 
difference,  between  ‘‘fatal  or  severe  wounding*  and  rapid  incapacitation, 
Many  wounds,  severe  and  perhaps  ultimately  fatal,  cause  no  such •  isisnadiatd' 
changes  in  the  target  animals  as  to  suggest  that  humans,  in  battle  and 
under  similar  conditions  of  wounding,  would  have  bean  prevented  from 
carrying  out  the  most  important  of  normal  battle  assignments,  like  hurling 
grenades  or  discharging  firearms.  The  experimental  program,  was  therefore 
modified  and  extended  in  an  effort  to  obtain,  basic  data  on  the  probability 
that  random  hits  by  fragments*  of  known  mass,  shape;  and  striking  velocity 

would  cans©  rapid  incapacitation. 

■ '  ,  1  ■  ■  4 

t<  ..  .  |  ;  >  •  :  ,  t  __  ‘  . 

jt  is  understood  that,  the  Biophysics  Branch  plans  to  issue  full  and 
formal  reports  of  the  experiments,  which  have  been  completed.  Pending 
these,  the  Ballistic  Research  Laboratories  have  interpreted  the  ex¬ 
perimental  data  statistically  in  such  a  way  as  to  be  able  to  employ  the 
results  in  current  design  studies  for  improved  hand  grenades,  Based  on 
the  experimental  results  as  obtained  infernally  from  IJr.'  Serge t,  the 
ihf erred  Probabilities  will  be  described  in  this  report  along  with  the- 
method  that  has  been  employed  in  deriving  them.  The  experimental  data 
available  to  the  writer  must  be  regarded  as  provisional  because  they  may 
be  modified  by  Hr,  Herget,  before  he  publishes  them,,  -  as  the  result  of  a 
possible  critical  re-examination  in  the  light  of  post  mortem  studies  by 
the  medical  officers,  \  ■  p . 

The  probabilities  in  this  report  should  be  regarded  as  provisional, 
..They  are  published  at  this  time  only. 'because  they,  are  being  used  for  an 
extensive  design  study,  whose  urgency  ha?  rendered'' necessary  the  'employ* 
meat  of  data  which,  although  provisional,  are  believed  to  bo  the  best 
/d&t a  currently  available®  -  -  1  ;  '  Vi'  -V,  ■-  f 

4'  fiajor  'H-J "'l>*  Blackburn,  Capt. ■  H*  R-  Fiego,  and  1st  Lt»  M*  Ladd® 


It  is  a  pleasure  to  record  the  enthusiastic .and  willing  coopera¬ 
tion  of  Or,  Sergei  and  his  co-workers  at  Edgewcod,  in  cupportlng  the  design 
studies  of  the  Ballistic  Research  Laboratories,-  by  their  cheerful  and 
energetic  execution  of  the  wound  ballistic  cxperi»eHt&*s. / 

\  ■  '  It'1-'  '■  v  I  , 

The  author  bears  entire  responsibility  for  the  following  discussion, ' 
which  it  is  hoped  will  not  deprive  Dr*  Herget  of  the  opportunity  of  re- 
interpreting  his  ©sqperiniental  results,  or  of  publishing  any  better  analysis 
of  thsm  that  oan  be  devised*  ' 

THE  DATA  ,  '  . :  > 

Three  types  of  fragment  sources,  prepared  and  supplied  by  the 
Ballistic  Research  Laboratories,  were  used  in  the  experiments*  All  the 
fragments.  ware  of  steel,  in  .the  shape  of  rectar^ular  parallelepipeds* 

The  first  source  consisted  of  a  sphere  of  high  explosive,  pentolite, 
surrounded  pre-fomied  fragments  whose  masses,  were  all  approximately 
0.71  grains.  The  initial  dimensions  of  all  the  fragments  were  0*1  x  0.1, 
x  0,04  inches.  The  total  number  of  fragments  was  nearly  2000,  the  ratio 
of  explosive  charge  to  total  weight  was  about  0.6?,  and  the  total  weight 
of  tha  source  was  about  12  ounces.  Recovered  fragments  were  found  to  have 
lost,  as  a  rule,  some  of  their  sharp  edges  and  eornera  with  the  result 
that  their  masses  were  less  than  the  original  masses.  Half  the  mass  of 
the  recovered  fragments  was  in  the  form  of  fragments  more  massive  than 
0.6Q  grains,  which  is  here  called  the  "median"  fragment  mass.  The  initial 
figment  velocity,  was  approximately  ?8Q0  fi/ssc.  -  * ‘ 

The  second  type  of  source  consisted  of  a  sphere  of  pentolite 
surrounded  by  pre-formed  fragments  whose  initial  dimensions  were 
0.1  x  0.1  x  0.137  inches,  whoso  initial  masses  were  all  2*0  grains,  and 
of  which  there  wore  approximately  1100.  The  median  mesa  of  recovered 
fragments  -.was  2.1  grains}  the  ratio  of  explosive  charge  to  total  weight 
was. about  0.U7,  and- the  total  weight  wa3  about  12.2 .ounces*  The  initial 
fragment  velocity,  was  gipproximatsly  $300  ft/sec. 

The  third  type  of  fragment  source  was  a  sphere  of  pentolite  surrounded  ' 
by  approximately  740  fragments,  with  initial  masses  of  0  grains  and 
dimensions  0.120  x  0.120  x  0.164  inches.  The  median  mass  6C  recovered 
fragments  was  4*26  grains;  the  ratio  of  charge  to  total  weight  was  0.39 
approximately,  and  the  total  weight  was  nearly  14.0  ounces.  The  initial 
'fragment  velocity  was-  approximately  4?00'  ft/sec. :  ,  ;  ■ 

A  fourth  source,  of  fragments,  a  standard.  Mk  II  hand  grenade,  was  also 
used  but  since  the .  fragments  were  of  uncertain  mass-  and  striking  velocity 
the  related  experimental  ddta  will  not  be  discussed  or  employed,  in’ -this 
report.  ' ' -  ,  ...  ■ .  .  1  ■ 

Tha  physical  -data  relating  to  tha  fragment  sources  have  been  furnished 
to  -the ,  author  by  Nrv  Tolcfe  and  Mr.  Dunn, of  -the  Ballistic  Ifejseainjli  Laboratories, 
under  whose  supervision  the  sources  were  prepared* 


4. 


Flyings  figa&nst  the  goats  were  ct  di  stance  a  of  5,  10,  15,  and  60 
fs«t*  At  the  last*  distance,  SO'  f ew  hits  were  obtained  that  the  resulting 
dAta  will  not  bo  employed  in  this  report.  None  of  the  few  hits  at  60 
feet  caused  even  severe  woia^i  .In  e®0i  experiment,  four  goats  were  at  a 
fixed  dlataraa2,eiiher  $,  If),  or  l£  feet*  from  the  fragment  source*  Ro  1 
c^oeriasent  with  the  2tl  grain  Fragments  was  conducted  at  5  feet;  some  of  - 
ths  other  ©xperimenba  involving  four  goats  were  repeated  with  the  result 
that  the  series  of  ej^eidi^nte  involved  eight  goats  under  certain  con* 
diiinris  of  distance  and  fragment  source,  and  k  goats  under  the  other  eon- 
i&lticnau ,  •'•<"■  ■•.  .v '■ .  •  . 


three  categories  of  incapacitation  or  wounding  have  been  employed. 
The  moot  severe  category  is  that  of  incapacitation  in  5  secondsar  less, 
M&  In  called  "Type  K*.  A  less  severe  category  is  that  of  incapacitation 
is  $  aiinute®  or  less,  which  includes  TypeK.  Thic  category  is  called 
*$>£•'  A®*?;'.  The  .third. end  least  severe  category  is  that  of  fatal  or  sever© 
wounding,  and  for  reasons  of  logic  contains  Types  K  and  A.  This  third 
category  is  called  HtypOvB”.  -i;  '-:r^ ' 


In  this  analysis,  sdl  ejqjerdiaents  with  the  same  type  of  fragment  source 
at  the  stese  distance  have  been  pooled  and  regarded  as  a  single  experiment* 
each  experiment  therefore  involving  either  four  or,  eight  animals. '  In  each, 
experiment  the  fragment  velocity  at  the  distance  of  the  animals  was  known 
from  previous  velocity  firings  or  from  deceleration  eiftMsiin^ntaj  the  median 
.mass  -  of  the  fragments  '■  after  firing  was  knows;  and  -  it  ;■  i 

average  presented  area  A  of  a  fragment  divided  by  the  2/3  power  of  its 
mass.  A/m  g/3,  was  tiie  same  after  filing  as  before,  so  that  it  could  be 
evaluated  by  calculation  from  the  initial  mass  and  shape.  Ih  evaluating 
A,  use  was  made  of  the  well-established  geometrical  law  that  the  average 
presented  area  of  any  geometrical  solid,  whose  surface  is  nowhere  con¬ 
cave,  is  exactly  equal  to  X/h  of  the  total  superficial  area.* 
and  geometrical  data  were  therefore  known,  rather  closely,  in  all  the 
experiments.  The  result  of  an  experiment,  involving  n  animals,  was  that 
there  were  s  instances  of  incapacitation  or  wounding  of  any  particular 
type.  The  Baabpr  n  was  always  either  i±  or  8  j  while  s  had  logically  ..to:'  .0,  ; 
be  some  integer  inTthe  range  from  0  through  n*'  Actually,  the  medical 
officers  were  sometimes  not  able  to  state  wiTh  complete  assurance  that 
there  were  exactly  a  instances,  out  of  the  n  animals,  of  incapacitation 
or  wouhding  of  a  particular  sort.  Out  of  eight  animals,  for  example, 
they  might  be  uncertain  in  a  particular  experiment  whether  one  or  two 
could  truthfully  be  stated  to  have  been  incapacitated  within  5  seconds. 

In  such  cases,  the  author  has  arbitrarily  averaged  the  possible  and 
doubtful  Values  of  a  and  ha  a  used  tbs  average,  in  tl^^recedii^  example 
1,5,  as  though  it  were  the  number  of  animals,  among  n  fired  at,  observed 
to  have  been  incapacitated.  A  final  datum  to  be  usaS  is  not  biological, 
although  it  involved  the  animals ;  it  is  the  ave rage  number  of  hits  per 
animal  in  each  experiment.  This  average  number  can  be  denoted  by  h. 


Before  proceedingtotheanalysis,  it  is  well  to  indicate  that 
the  medical  officers,  in  determining  s,  were  trying  to  thinlc  of  the  goats 

-  •  &The  surface  of  -  a  geometrical  solid  is-  powherp  concave  if  a  tangent  .  l 
plane  never  intersects  the  solid,  but  only  touches  it,  for. all  possible 
points  of  tangency.  T^ius,  a  rectangular  parallelepiped  is  of  this  type. 


as  repx*ese»ti ag  humans ,  and  wero  not  thinking  of  the  animals  as  merely 
goats.  Thus  because  of  anatomical  differences  between  goats  and  humans 
it  li&s  considered  that  certain  wounds,  which  were  serious  in  goats,  would 
have  been  less  -'serious  in  btmans.  Such  pounds  were  therefore  discounted 
to  30!se  ex^sat  by  the  medieaXofficerg,  in  their  interpretations  of  the 
oba-errod  affects  of  the  fragments  upon  the  goats.  In  determining  whether 
;sir,,ij»^:'a^'aaim«I:  ^as  .«irajapacitat€!dd^:’i.t  Is  understood  that  the  medical 
:  officers  were  asking'  themselves  the  hypothetical  question,  *£f  tMa  goat  " v" 
h&s  te  a  detreraimed  and  brave  soldier,  would  he  have  been  able  after 
'''q&omm  to  the  '^agments  to  have  employed  aweapon  gainst  bis  enemies? 
Gould  he,  'for  ip&tance,  have  raised,  alined,  and  fired  a  pistol?"  The  r®~ 
qaircstonto  for  considering  a  target  to  have  been  "incapacitated"  were 
very  severe  requirements  in  the  r.unds  of  the  nodical  officers  who 
the  'types .  of  injury. iy,'- r” 

C  '  '■■ 

If  0  animals  are  incapacitated  among  the  n  animals  exposed  to  fragments 
in  a  particular  experiment,  then  the  fraction  s/n  i3  an  unbiased  estimate 
of  the  unknown  true  probability  that  an  animal  exposed  to  fragments 

under  such  conditions  will  be  incapacitated.  However,  although  it  is 
known  from  statistical  theory  that  the  fraction  s/nis&^  estimate 

and  is  moreover  the  best  estimate  that  can  be  obtained,  it  is  also  known 
that  it  will  Hi  general  be  erroneous.  If  the  unknown  tr?ie  prob^billty  is 
pjc,  then  it  is  known  that  tire  probability  of  obtaining  precisely  ^  in* 

capadtationa  in  an  experiment  involving  n  animals  is  exactly 


ni  p,. 

snrn^irr 


’U-Pfc) 


This  matter  will  be  discussed  further  in  the  .Appendix  to  this  report  tret 
as  a  particular  example,  if  the  probability^  of  incapacitation  is  ex*  ( 

aotly  »h,  then  in  an  experiment  involving  four  animals  the  probabilities 
that  exactly  0,  1,  2,  3,  or  V  animals  will,  be  incapacitated  are  .1296,.  .3456, 
*3UJ>6,  ;«i53!6,:  and  .0256  respectively.  It  is  clear,  therefore,  that  „■■ 
f f«8  the  result  s  bf  an  ejsperiment  involving  n  animalsy  where  a  is  as  ;  - 
small  as  J*,  the  Traction  s/n  can  differ  coasiBerably  from  p^.  “To  a 

lesser  extent,  the  same  retfferic  Is  true  for  experiments  involving  8 
animals,  and  to  some  extent  the  remark  is  true  for  any  experiment  in* 
volving  only  a  finite  number,  however  large,  of  animals* 

.  From  the  values  of  s  and  n,. the  uiibiased  estimates  s/n  can  Ire  obtained 
of  the  probability  of^ihcapacitation^  and  also  confidence  limits.  4e 

cxplained  in  detail  in  the  Appendix,  the  $0%  confidence  limits, are  such 
that  if  one  always  asserts  that  the  unknown,  true,  probability  p,  lies 
between  the  50g  confidence  limits  corresponding  to  the  observed,  e  one 
will  be  correct,  on  the  average,  at  leastJJO^  of  the  time.  Similarly, 
the  505&  confidence  limits  are  such  that  if  ^sne  always  asserts  that  the 
unknown,  true  probability  of  incapacitation  lies  between  the  905$  limits 


corresponding  to  the  observed  s  then  one  will  be  f*erage, 

in  at  least '90^  of  such  assertions,,  - 

In  the  following  table,  relating  to  "Type  Kw  incapacitation,  the  V 
first  column  contains  the  median  mass  of  fragment  in  grains,  the  second 

Table  I  ,  *  .  .*-*  ■* . .  '  .  - 


e .  K  casualties— incapacitation  in  5  seconds  or  leas 


cgs 


l»2h 

lo2k 

1.2U 

o7h 

.59 

.59 

.59 


column  the  value  of  A/m  in  cgs  units,  the  third  column  the  remaining  fragment 
velocity  v  just  before  impact,  the  fourth  column  the  quantity  lO-^  iav/A  in 
cgs  uid.ts7  the  next  column  the  average  number  of  hits  per  animal,  the 
next  column  thenumber  of  animals  involved  in  the  experiraent,  and  the 
nejft  column  the  number  of  incapacitations  observed.  The  nextf  ive  columns 
Contain  the  best  estimate  of  the  probability  of  incapacitation  as  well 

as  the  $0%  and  90$  confidence  limits  as  described  by  the  column  headings. 

The  final  five  columns  contain  the  corresponding  unbiased  estimates  and 
confidence  limits  for  the  unknown  probability,  P^>  that  a  random  hit  by 

a  single  fragment  will  cause  Type  K  incapacitation.  The  values  of 

have  been  inferred  from  the  values  of  the  probability  p^  through  the 

equation'  ■  . /)  "'S'.','  ■  ■ 


which  assumes  that  whfen  an  animal  is  hit  h  time 3  the  probability  of  in¬ 
capacitation  is  one  minus  the  probability  that  the  animal  would  in-* 

dependently  guryive,  without  incapacitation,  dll  of  h  separate  hits.  The 
assumption  mayHnoi  ' be  absolutely,  correct,  but  in  comparison  with  the- 
coarseness  of  the  final  relations,  and  in  view  of  the  small  praport ion  of 
overlapping  wounds,;  does  not  seem  likely  to  lead  to  serious  error. 

It  may  be  noticed  that  statistical  theory  contained  in  the  Apoendfi. 
deals  only* with  logically  possible,  and  therefore  intergral, -rsSAim  of 
the  number,  s,  of  animus  incapacitated.  In  the  table,  however,  there 
are  two  instances  of  fractional  values  of  s.  Since  both  fractions  are  - 


•  •  ' 1  1  i  (  _  ■■ ' 


'rM^. 


■*-  ■ 


haXi^-iategers,  the  confidence  limit  a  have  been  iitferj^d  the 
tables  in  the  Appendix  by  averaging  the  entries  for  the  tinsel jacent 
integral  values  of  s,  .  ■>:' 

\  In  Figure  1,  the  probabilities  that  a  random  hit  Mill  cause 

iaeao&citetion  in  5  seconds  or  less  are  plotted  against  the  quantity  lO^mv/A. 
Bath  the  £0$  and  90$  confidence  limit3  are  shown.  The  reasons  for  choosing 

iO^W/A  as  the  physical  parameter  of  which  is  a  function  are  sub® 

stsrvfeially  the  same  as  in  BRL  Technical  Note,  J?o.  370*.  It  seems  reasonable 
to  suppose  that  the  probability,  that  a  random  hit  will  incapacitate  in 
5  seconds  or  lass,  depends  upon  the  fraction  of  the  body’s  superficial 
arch  through  which  the  fragment  can  penetrate  and  thereafter  strike,  sad 
emas  repidly  incapacitating  injury^  to  a  vital  regioiju  Such  vital  regions, 
for  "Type  £*  incapacitation,  should  be  expected  to  be  very  much  smaller 
than  the  regions  which  are  of  importance  to  less  rapid  incapacitation  or 
to  merely  severe' wounding.  The  author  has  been  informed  by  the  medical 
and  biophysical  staff  at  Edgevood  that  the  regions  vital  to  5-second 
incapacitation  are  in  fact  very  small.  If  fragments  possess  such  great 
“penetrating  power”  that  a  fragment  traverses  tlie  body  completely  wherever 
it  hits,  then  the  probability  that  a  random  hit  will  cause  5-second  in¬ 
capacitation  is  merely  the  ratio  of  the  presented  area  of  the  relevant 
vital  regions  to  the  total  presented  body  area.  On  the  other  hand,  if 
the  “penetrating  power”  of  fragments  is  so  low  that  they  can  never  reach 
vital  regions,  wherever  they  hit,  then  the  probability  must  be  0. 

For  an  intermediate  degree  of  "penetrating  power”,  a  certain  fraction 
only  of  the  body’s  area  is  such  that  hits  on  it  will  permit  penetration 
deep  enough  to  reach  vital  regions,  and  of  this  fraction  a  still  smaller 
part  will  correspond  to  actual  injury  of  vital  regions.  It  therefore  seems 
not  unreasonable  to  suppose  that  the  probability,  p^,"  that  a  random  hit 

will  incapacitate  in  5  seconds  or  less  is  a  function  of  the  "penetrating 
power”  of  the  fragment.  It  seems  probable  that  merely  reaching  a  vital 
region  is  not  enough,  and,  that  to  incapacitate  rapidly  the  fragment  must 
have  some  definite  remaining  energy  or  velocity  when  it  reaches  the  vital 
region.  This  consideration  cannot  destroy  the  dependence  of  upon 

"penetrating  power",  although  it  can  and  probably  does  influence  the 
nature  of  the  dependence.  It  seems  reasonable,  therefore,  after  every¬ 
thing  has  been  considered,  to  attempt  to  relate  the  probability 

to  fhe  "penetrating  power"  of  the  fragment... 

'  The  "penetrating  power"  of  a  fragment  is  a  rather  vague  concept. 


*  BRL  Technical  Note  370,  "A  Provisional  Casualty  Criterion,"  T.  E. 
Sterne,  March  1951.  '  ,  ; 


a 
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The  penetrating  ability  is  not  a  property  of  a  fragment  alone*  but  is 
really  a  property  of  the  fragment  and  of  the  nature  of  the  penetrated 
material.  The  body  Kali  differs,  from  piece  to  place,  in  its  ability  to 
resist  penetration.  Thus,  bone  is  more  resistant  than  skin  and  skin  in 
turn  appears  to  be  more  resistant,  thickness  for  thickness,  than  soft 
%• 

tissue  .  Tnorefox*®  the  penetrating  power  of.  a  fragment  really  depends 
on  where  it  hits  the  human  target.  For  the  present  rapid  and  rough 
analysis,  penetrating  power  is  nevertheless  represented  by  the  quantity 
m/&  as  though  the  body  vail  were  homogeneous  in  its  properties  from 
place  to  place,  but  varied  ih .  thickness.  It  is  hoped  that  others  may 
be  able  to  improve  the  analysis  in  this  report  by  taking  into  account 
the  detailed  anatomical  variation  in  the  resisting  power  of  the  body 
wall,  to  fragments,  from  place  to  place,  in  some  such  manner  as  that 
employed  by.HcWillen  and  Gregg  in  their  report  already  cited. 


Through  the  confidence  intervals  plotted  in  Figure  1,  there  teas 
been  dram  a  rather  wide  curve,  or  band,  describing  the  author *s 
estimate  of  the  relation  between  p, ,  -  and  the  oararaeter  10“%rv/A*'  It 

seems  logically  necesdary  for  jv,,  to  increase  or  be  constant  with 

increasing  abscissa.  The  very  small  values  of  the  upper  confidence.' 

limits  at  abscissa  1,(2  '  fixes  the  left-hand  portion  of  the  curve 
rather  elossly*  This  is  fortunate,  because  the  curve  is  not  otherwise 
too  well-  determined.  The  right-hand  portion  of  the  curve  has  been 
determined  from  the  weighted  mean,  of  the  best  estimates  s/n  corresponding 
to  the  three  greatest  abscissas.  It  is  not  unreasonable  for  the 
ordinate  to  be  constant  for  still  higher  values  of  the  abscissa, 

because  such  fragments  already  have  very  great  penetrating  power  and 
therefore  may  corresoond  substantially  to  complete  traversal  of  the 
target  whenever  it  is  hit.  It  is  interesting  that  the  maximum  value 
of  p^;  -as  so  determined,  should  have  been  found  to  be  approximately 

•0.1,  fox*  'this  value  happens  to  be  in  exact  agreement  with  an  estimate, 

made  by  Bums,  Zuekerman,  and  Krohn,  that  XG£j  of  the  body  area  was 

such  to  result  in  death  when  punctured  by  fragments  that  could 
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traverse  ih©  body  completely  .  This,  close 
fortuitous. 


agreement  is  perhaps 


The  next  table  contains  similar  data,  relating  to  Type  A  in* 
capacitation  (incapacitation  in  5  minutes  or /less)  *  The  physical  con¬ 
ditions  include  the  number,  of  hits,  exactly  the  same  as  in' the  first  table 

.  n,  TABLE  II 


e  A  casual ties—incaoacitation  in  5  minutes  or  less 


1.33 

-1.52 

1.72 

1.73 
1.8? 
2.12 
2.22 


2.5  8  .5  .Ok 


.60 
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.25]  .50 
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.15  *32 
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.27  .38 

1  1 
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from  which  thi3  table  differs  only  In  the  numbers  of  incapacitated 
animals 50%  confidence  limits  are  shown,  and  the  unbiased  estimate© 
s/h,  as  before,  but  not  the  90$  limits  which  are  too  wide  to  be  of  any 
use.  The  resulting  plot  of  the  probability  pw  for  "Type  A"  incapacitation, 

against  the  abscissa  10  Jmr/h>  is  shown  in  figure  2.  A  rather  wide 
region  has  been  drawn  on  the  graoh  by-  the  author  to  represent  the 
dependence  of  upon  the  penetration  parameter  rav/A.  It  will  be  noticed 

■What  this  relation  is  less  well-determined  than  the  corresponding  relation 
for  Type  K  incapacitation.  The  reason  for  this  is  that  the  experiments 
were  planned  to  obtain  good  information  about  Type  K  incapacitation,  and 
the  number  of  Type  A  incapacitations,  being  larger  than  the  nuraber  of 
Type  I  incapacitations,  has  not  provided  as  reliable  information  about 


Burns,  B.  D.,  and  S.  Zuckerwan.  The  relationship  between  striking 
velocity  and  the  damage  caused  to  materials  by  a  3/32  in.  steel 'ball. 
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Type  B  casualties— ‘fatal  or  severe  wounds 
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Siadlar  remarks  apply  to  the  third  table,  which  relates  to  Type  B 
casualties,  fatal  or  severe  wounding.  The  author  understands  that  a  ; 
wound  was  classified  as  "fatal  or  severe"  if,  in  the  opinion  of  the 
medical  officers,  it  led  to  death  or  would  have  led  to  death  in  the 
absence  of  surgical  attention.  The  plot,  •  Figure  3,  corresoonding  to 
Type  B  casualties  leaves  even  wider  freedom  for  the  location  f  of  the 
curve  relating  p^c  to  the  abscissa  X0~5mv/A,  than  in  the  oase  of  Type  X 

or  Type  A  incapacitations.  Therefore,  no  attempt  has  been  made  to 
determine,  froca  the  data,  the  functional  dependence  of  for  fatal  or 

severs  wounds  upon  mv/A.  Instead,  the  relation  derived  in  BRL 
Technical  Note  No.  370  from  the  report  by  Mc'tillen  and  Gregg,  already 
cited,  has  been  drawn  in.  The  best  that  can  be  Said  is  that  the 
experimental  data,  as  described  by  the  confidence  intervals  and  un¬ 
biased  estimates,  are  perfectly  consistent  with  the  curve*  The  curve  , 
passes  through  six  of  the  eight  $0%  confidence  intervals,  which  is 
father  more  of  them  than  it  should  be  expected  to  pass  through  by 
Chance,  and  it  passes  through  seven  out  of  eight  of  the  90%  confidence 
intervals*  If  the  maximum  of  the  curve  were  higher,  it  would  pass 
through  all)  of  the  90%  intervals.  It  would  then  be,  perhaps,  in 
somewhat  improbably  good  agreement  with  experiment,  but  this  con¬ 
sideration  does  not  prove  that  the  maximum  should  be  no  higher.  The 
author  thinks  that  it  would  be  best  to  leave  the  curve  wh@rp  it, is,  as 
determined  in  BHL  Technical  Note  370 ,  with  considerable  confidence  that  this 
location  does  not  tend  to  exaggerate,  but  if  anything  tends  to  under- 
estimate,  the  probability  that  a  random  hit  will  cause  a  fatal  or  severe 
wound. 


;y'%  .  .•  -  •  r1 

Y*'  The  author  very  much  hopes  that  Dr.  Hergot  and  his  associates, 

ft  f  A  at  Edgewood,  may  be  able  to  obtain  more  reliable  and  accurate  probabilities 

*  f>  ,  of  incapacitation  by  combining,  with  data  of  the  type  used  here,  the  con- 

Y  ;  siderabla  knowledge  that  they  possess  of  biological  and  medical  matters. 

Y-O:,;/.  It  is  thought  that  information  obtained  from  a  detailed  stingy  of  the 


\ 


11 


separate  wounds  inflicted  during  the  experiments,  of  the  areas  of 
regions  important  to  the  various  types  of  incapacitation  relative 
to  the  total  body  area,  and  of  basic  anatomical  and  penetrability 
data  relating  to  the  body  wall  can  in  principle  be  combiiwd.  Such 
a  combination  would  enable  a  considerably  more  reliable  and  accurate 
determination  to  be  made  of  the  important  and  useful  probabilities, 
p. ,,,  than  the  crude  determination  that  has  been  made  in  this  report 

from  more  limited  data.  '  .  '.T.  •  J  ■>  b  ■ 


UNCLASSIFIED 


APPENDIX  TO 

BALLISTIC  R  E  S  E  A  R  C  ft  LABORATORIES 

TECHNICAL  NOTE  NO.  556 
November  1551 


SOME  REMARKS  ON  CONFIDENCE  OR, FIDUCIAL  LIMITS 

Theodora  E*  Sterne 


Project  llo*  TB3-0112A  of  the  Research  and 
Development  Division,  Ordnance  Corps 


* 


B  E  U  D  ?.  E  N  P  R  0  V  I  B  G  ,  0-  R  0  U  II  D.  ;',M  ARYL  A  N  B 


UNCLASSIFIED 


TESterne/jer 

Aberdeen  Proving  Ground,  Hd. 
26  November  1953. 


SOME  BEMAHKS  OH  GONPIffiHCE  OK  FIDaCl/tl  LIMITS 


ABSTRACT 


In  a  binomial'  problem,  confidence  limits  of  an  unknown  parent 
probability  om.be  selected  on  the  basis  of  the  probability,  P,  of 
obtaining  a  nus&er  of  successes  as  probable  as,  or  less  probable 
than,  the  observed  number  s  of  successes  in  n  trials*  In  comparison 
with  confidence  intervals  "selected  in  accordance  with  procedures  of 
Clopper  and  Pearson,  the  present  intervals-  are  narrower  when  3  is 
either  Eero  or  n,  - 


U X ! C  i .  AS  ST  Tf  T::f) 


jppanjrx 


If  the  probability  of  a  “success"  Is  a.  than  the  pro^ility  that 
thoro  will  bs  precisely  r  successes  during  a  trials  id  exactly 

>n,r<n)  -  "ri  (S^  rTT  *rd  “  «>“‘P  *  {1) 

Therefore,  the  probability  of  obtaining  a  umber  of  successes  as 
probable  as  or  less  probable  than  a  particular  number  of  successes  s 
is  equal  to  “V 


P(n,n,s)  -  ^  Pn,r(n^ 
r 

where  the  auranation  i3  over  all  values  of  r  for  which 


Pn#r(n)  *  Pn>a<«) 


(3) 


The  probability,  of  obtaining  a  value  of  P  equal  to  or  le33  than  some 
particular  and  possible  value,  P*,  of  P  is  equal  to  PN  From  the 
preceding  considerations,  confidence  or  fiducial  limits  of  n  can  be 
chosen  corresponding  to  any  values  of  n  and  s  and  to  any  desired 
value,  €  lying  between  0  and  1,  of  P.  ”*  ■  *” 

Consider  the  dependence  of  Pfn,  n,  s)  upon  the  variable  a,  for  any  - 
value  of  a  other  than  0  or  n.  For  values  of  £  differing  from  5  sad.  n 
it  is  clear  that  P(0,  n,  3)~and  ?(1,  n,  s)  are  zero,  and  that  there 
aro  sane  values  of  n,  between  0  and  1,  for  which  ?(it,  n,  s)  is  unity. 

The  values  of  n  for  which  P(n,  n,  s)  i3  unity  are  values  for  which 
p_  „(*0  is  the  largest  of  all  terms  p_  (n).  It  can  readily  be  shown 

that  there  are  exactly  n  values  of  u  between  0  to  1  at  which  P(s,  n,  s) 
is  discontinuous.  Such”*dis continuities  correspond  to  the  "crossing’' 
of  p_  _(n)  by  other  p  _(n)  ’s,  and  except  at  the  n  discontinuities 

Q;3  *  •• 

P(n,  n,  s)  is  a  continuous  function  of  n.  When  £  is  0,  the  situation 
is  somewhat  different  sines  then  P(0,  n,  0)  is  unity  while  ?(1,  a,  0)  is 
zero.  When  s  equals  n,  P(0,  n,  n)  is  sere  while  ?(1,  n,  n)  is  unity. 
Whatever  r.;ay"be  the  value  of  £,  there  are  .just  n  values  of.  n  at  which 
?(rt,  n,  3)  i3  discontinuous.  ”  ” 


The  preceding  description  of  sons  of  the  properties  of  the  ?-function 
has  been  included  to  clarify,  in  the  reader’s  mind,  the  nature  of  the 
dependence  'of  ?(n,  n,  s)  upon  n.  To  select  confidence  or  fiducial  limits. 


Po  $  R  ^ 


/prsrnx[:; 
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:  the  probability  of  a',  "success"  is  r.  then  the  probability  that 
■rill  bo  precisely  r  successes  during  n  trials  is  exactly 


f  -v  m 

=  ~7T{F 


v)  * 


if  a  -  it; 


(1) 


pic  re,  the  probability  of  obtaining  a  number  of  successes,  as 
ac  or  .less  probable  .than  a  particular  number  of  successes  s 


'"{«?«» a)  “  Pn  ^(«) 


(2) 


wife  re  the  summation  is  over  all  values  of  v  for  which 


pn,?ili)  -  p-  -(n) 


n,s' 


(3) 


The  probabilifcya  of  obtaining  a  value  of  P  equal  to  or  leas  than  some 
particular  sjjd  possible  value,  P*,  of  ?  is  equal  to  P’,  From  the 
preceding  considerations,  confidence  or  fiducial  limits  of  n  can  be 
chosen  corresponding  to  any  values  of  a  and.  s  and  to  any  desired 
vulva,  e  lying  between  0  and  1,  of  P. 

Consider  the  dependence  of  ?{nf  nf  s)  upon  the  variable  n,  for  any 
~aUiv;  of  n  other  than  0  or  n*  For  values  of  s  differing  from  Q  and  n 
It  Is  clear  that  P(Q,  a,  s)"*and  ?(1,  n,  a)  are  sero.  and.  that  there"* 
fere ,  s-TJte  values  of  n3  between  0  and  1,  for  which  P(n,  n,  s)'  is  unity. 
Trtca  values  of  n  for  which  P(n,  n,  c)  is  unity  are  values  for  which 
'a)  is  the  largest  of  all  terms  (n).  It  can  readily  be  shewn 
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that  there  are  exactly  a  values. of  n  between  0  to  1  at  which  P(n,  n,  s) 

is  discontinuous.  Such  discontinuities  correspond  to  the  "crossing" 

of  p  (n)  by  other  o  (n)  *s,  and  except  at.  the  n  discontinuities 
a,s'  •  n,rx  3 


r»f 
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n,  s;  j.s 


continuous  function  of  n.  When  s  is  0.  the  situation 


is  somewhat  different  since  then  ?(0,  n,  0)  is  unity  while  P(l,  n,  0)  is 
Kero,  When  s  equals  n,  P(09  n,  n)  is  sero  while  P(I,  n,  n)  is  unity. 
Whatever  ra&y"be  the  value  of  s,  there  are  just  n  values  of  n  at  which 
?{n.  n,  s)  is  discontinuous. 

'file  preceding  description  of  some  <jf  the  properties  of  the  P~function 
has.  been  included  to  clarify,  in  the  reader *s  mind,  the  nature  of  the 
dependence  of  I?(n,  n,  s)  upon  n.  ?o  select  confidence  or  fiducial  limits. 
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sufficient  to  consider  the  shortest,  interval  of  n  that-  -contains  all 


the  '/alues  of  «  for  which 

P(«,  n,  a)  €r 


0*) 


corresponding  to  any  particular  and  possible  values  of  n  and  s,  and  to 
Boise  desired  value  of  *  *  Corresponding  to  any  possible  values  n,  s, 
??.r;n  fe  it  is  always  possible  to  find  tbs'  shortest  interval,  ,~by 

calculation.  The  lower  limit  is  [-.he  smallest  of  ali'.*r*s  satisfying 

the  relation  (4),  and  the  upper  limit  pg  is  the  largest  of, all  «*s 

satisfying  the  relation  {]*).  Such  limits  p,  and  p  always  exist. 


i 


will  bit  shown*  One  may  note  first  that  when  a  is  zero, .  is  mro} 
and  that' when' s  , is  n,  Pp,  is  unity* 

The  existence  of  and  Pp  follows  rigorously  from  the  consideration 

’  that  the  set  of  n{s  satisfying  (4)  has  a  loner  bound,  aero,  and  must 
therefore  have  a  greatest  lower  bound,  p^»  Similarly,  the  set  of  a*s 

satisfying  (4)  has  an  upper’ bound,  unity,  and  must  therefore  have  a 
least  upper  bound,  Pg»  It -can  further  bo  shown  that  because  of  the 

nature  of  the  F**.function  and  of  its  discontinuties,  the  nunsbers 

and  Pg  must  thcmselve's  satisfy  (4). 

because  of  the  last-mentioned  property  of  p,  and  p„,  it  follows 
that  '  ’ 


F(ti,  n,  @)  ■<-  £ 


(5) 


for  all  values  of  n  lying  outside  the  closed  interval  p-^g.  nj^Pg*  Let 

us  now  arbitrarily  choose  some  value  of  5  between  0  and  1  and  adopt  the 
•policy,  whenever  in  an.  experiment  some  value  of  .s  has  been  observed,  of 
always  asserting  that  ■  “ 


*1$ 


(6) 


whore  and.  Pg  correspond  to  the  actual  ti,  the  observed  s,  and  the. 

chosen  e  .  vje  shall  be  wrong  in  our  assertions  when,  and  only  when, 
n  lies  outside  the  closed  interval  (6),  in  which . case  P  <  6  by  (£}. 

The  probability  that  our  assertion  is  incorrect,  Which  is  the  Same 
as  the  proportion  of  times  that  we  shall  be  wrong  in  such  assertions 
in  the  long  run, . is  therefore  less  than  e  •  Therefore  the  probability 


Ip 


that  cur  assertion  (6)  is.  correct,  which  is  the  same  as  the  proportion 
of  times  that  we  shall  in  the  long  ran  ..be  right  in  such'  assertions,  is 
greater  than  1  ~  .  VJe  nc.cordi.ngly  call  and  pg  the  lower  and  upper 

1  *»<r  confidence,  or  fiducial,  limits* 

In  ths  following  tables  are  listed  confidence  limits  and.  p^ 

for  values  of  £  equal,  to  *5,  .34,  and  .10*  These  limits  may  be  called 
the; 50$,  66$,  and  90$  confidence  limits.  The  tables  cover  all  possible 
values  of  s  corresponding  to  n  ~  4  and  n  «  8,  and  ..are  sufficient  for  the 
discus3ion“in  the  body  of  the“lieport  to" which  this  is  the  Appendix, 


Confidence  limits,  a  =  k 
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The  author  is  inclined  to  prefer  confidence  limits,  selected  in 
accordance  with  the  procedure  in.  this  Appendix,  to  confidence  limits 
selected  in  accordance  'with  ths  procedure  of  Clopper  and  Pearson*, 

Our  discussion  has  considered  the  probability  P(n,  n,  s)  of  obtaining 
a  number  of  successes  as  probable  as  or  leas  probable  than  an.  observed 

#"r  6I6pper,  C,  J*,  and  E.  5.  Pearson,  The  use  of  confidence  or 

fiducial  limits  illustrated  in  the  case  of  the  binomial,  Biometrika, 
Vclf  26,  pages  UOU*4l3*  1 934* 
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number  of  successes  s*  Their  discussion  considers  the  prcbaidiXity  of 
obtaining  a  cumber  o?  successes  equal  to  or  leas  than  tbs  observed 
number  and,  separately,  the  probability  of  obtaining  a  number  of 
successes  equal  to  or  greater  then  the  observed  number*  They  select 
an  upper  confidence  limit  in  such  a  way  as  to  make  the  first  probability 
less  than  or  equal  to  £  /2,  and  a  lower  limit  in  such  a  way  as  to  make 
the  second  probability  also  less  than  or  equal  to  € /2.  There  is, 
however,  no  value  of  n  that  can  make  the  second  probability  leas  than 
or  equal  to  €/2  when  s  is  sere,  nor  is  there  any  value  of  rt  that  can 
make  the  first  probability  loss  than  or  equal  to  6/2  when  s  is  n*  ' 

Consequently,  the,  confidence  limits  selected  by  Clopper  ancf'Pear’son 
are  unnecessarily  wide  when  s  is  either  0  or  n,  and  they  have  in 
effect  ovex'-modestly  unde reslimated  the  legitimate  degree  of  confidence 
in  their  assertions,  comparable  to  (6),  for  values  of  a  equal  to  0  and  n* 
The  confidence  intervals  defined  in  this  Appendix  are  narrower  than  theirs 
when  3  is  0  or  n.  The  present  intervals  are  not  ”  central’*  in  the  sense 
in  which  the  intervals  of  Clopper  and  Pearson  are  central,  but  they 
are  perhaps  more  nearly  “central5’  than  those;  of  Clopper  and  Pearson  with 
7  respect  to  the  probabilities,  P(n,  n,  s) ,  of  obtaining  results  s  as 
probable . as  or  less  probable  than  -  some . observed  a,  regardless  d?  whether 
such  less  probable  a *3  are  larger  or  smaller  than  the#  observed  s« 

The  practical  advantage  of  the  present  procedure  for  selecting  , 
confidence  limits,  over  that  of  Clopper  and  Pearson,  seems  appreciable 
in  the  Report  to  which 'this  is  an  appendix,  because  there  a  is  some?* 

times  zero*.  \  ;  ’  ^ 
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